With the continuous development of economics, the energy consumption of buildings exhibits an annual increasing trend [1] [2] , which has received signifi cant attention from governments and relevant departments [3] . Some reports show that the energy consumption of heating in winter and cooling in summer has played a dominant role in the total energy consumption of buildings [4] [5] . This energy consumption is subject to the considerable infl uence of climate change and enables potential energy savings [6] . Studies on building energy savings and climate change have important signifi cance in reducing terminal energy consumption and greenhouse gas emissions, which will be helpful to ensure the sustainable development of energy resources.
Research on the energy effi ciency of buildings in China began in the early 1980s [7] . With rapid economic development, new buildings were continuously built in China, and existing buildings with high energy consumption account for a very large proportion [8] . The general energy savings level in China has a gap compared with developed countries [9] . The sustained increase in energy consumption is affected by the constant improvement in economic development and residential living level, and it is also closely related to local climate conditions. The fi fth assessment report of the Intergovernmental Panel on Climate Change (IPCC) predicted that the global surface temperature will increase 0.3-4.8ºC by the end of the 21 st century, based on the level at the beginning of this century [10] . To our knowledge, buildings, once built, may last many years. According to the Unifi ed Standard for Reliability Design of Building Structures of China (2001; GB50068-2001), important buildings have a long life span of 100 years while normal buildings have a life span of 50 years. Therefore, the infl uence of future climate change on the energy consumption of buildings should be considered to enable society to adapt to this change.
Many previous studies applied the data of future climate factors to analyze the energy consumption of buildings and showed that the future energy consumption of heating will have a decreasing trend, whereas the energy consumption of cooling will signifi cantly increase [11] [12] [13] . Wan et al. [14] studied the variation in the future energy consumption of offi ce buildings in Hong Kong, and found that the energy consumption of buildings will increase by 6.6% and 8.1% by the end of the 21 st century in low and medium emission scenarios, respectively, compared with 1979-2008. To study the potential infl uence of climate change on the energy consumption of heating, Zmeureanu et al. [15] analyzed 11 selected samples of existing buildings and found that the energy consumption of heating in the future (2040-69) will decrease by 7.9-16.9% compared with the past . Li et al. [16] revealed that the heating load of offi ce buildings and residential buildings in Tianjin in northern China would have a decreasing trend, and that the cooling load would have an increasing trend in 90 years, but the variation rate differs for different energy-saving levels. There are obvious climatic differences between different cities in China, a large country, and variations in the future energy consumption of buildings in different climate zones with future climates may differ [17] .
According to previous studies, the energy consumption of building heating will generally have a decreasing trend, and the energy consumption of cooling increases. But it is unknown how future building energy consumption will respond to the continuing climate change in different climate zones [18] . In the background of climate change, the current design standard of heating, ventilating, and air conditioning (HVAC) cannot satisfy the demands of development of building energy effi ciency. HVAC should be designed and planned in accordance with local climate conditions and climate change characteristics. In this study, a correlation relationship was established between the principal components of climatic factors and energy consumption, and combined the data of climate predictions for the low and medium forcing to predict the variation trend of energy consumption in offi ce buildings of representative cities in different climate zones for the next 100 years. The aims of this study were to quantify the future energy consumption variations in different climate zones in China, which can provide a scientifi c basis for government or building designers to formulate energy savings and emission reduction policies or measures.
Material and Methods

Study Area
China is a vast country covering 9.6 million km 2 . There are fi ve major climate zones across China, namely severe cold, cold, hot summer and cold winter, mild and hot summer, and warm winter zones [19] . Harbin, Tianjin, Shanghai, Kunming, and Guangzhou were selected to represent severe cold, cold, hot summer and cold winter, mild, and hot summer and warm winter zones, respectively (Fig. 1) . The climate of Kunming is comfortable in the whole year, and no mandatory requirements of building heating and cooling and no limit for exterior-protected structures, so the energy consumption of offi ce buildings in Kunming could not be simulated. Therefore, the energy consumption in Kunming was not analyzed in this study.
Simulation of Building Energy Consumption
Today there are many commercial programs for the simulating building energy consumption: TRNSYS, EnergyPlus, Energy-10, DOE-2, RADCOOL, BLAST, BSim, ESP-r, and so on. The multiyear simulation of building energy consumption was carried out using transient system simulation program (TRNSYS) software. TRNSYS was designed by the Institute of Building Technology and Solar Energy Utilization at the University of Wisconsin in the United States. TRNSYS has been commercially available since 1975 and can simulate data using the modular analysis method [20] . The superiority of TRNSYS is to solve complex energy system problems by calling a series of modules with specifi c functions. These modules will be integrated together as a visual interface known as the TRNSYS simulation studio, and building parameters are input through a dedicated visual interface [16] . TRNSYS is well suited to analyze solar energy, thermal response of buildings, renewable energy systems, etc. In the present study, the simulation of energy consumption of heating and cooling inside buildings by TRNSYS had relatively high accuracy and reliability, and could be used to estimate the energy consumption of buildings [21] . The energy consumption of offi ce buildings generally accounts for a large portion of total energy consumption of buildings, and offi ce buildings were therefore selected for analysis. The selected typical offi ce building has a total of 22 fl oors, with total construction area of 32,200 m 2 and a height of 98 m. The simulation process of TRNSYS is subject to the joint infl uence of building design parameters and meteorological parameters. The building parameters input to TRNSYS are listed in Table 1 . The meteorological parameters include hourly dry bulb temperature (DBT), relative humidity (RH), wind direction, wind speed, and global solar radiation (GSR) data at national meteorological observation stations in Harbin, Tianjin, Shanghai, and Guangzhou from 1961-2010. Recorded four times per day during 1981-2005, DBT and relative humidity (RH) (having been recorded hourly since 2006) were used to obtain the hourly data by using the cubic spline interpolation method and then to obtain WBT by corresponding DBT and RH. The hourly solar radiation was fi rst obtained through daily total solar radiation by using th e Collores-Perein and Rabl model (CPR model) [22] . The generated hourly solar radiation data were then adjusted for rainy, foggy, and sunny weather conditions. The CPR model and calculating methods can be found Li et al. [23] .
Major Climatic Variables
In this study, DBT, WBT, and GSR were considered as the climatic variables affecting the energy consumption of buildings [24] . Wan et al. [19] reported that the MIROC3.2-H model had a relatively excellent simulation performance of temperature and humidity in different climate zones in China. In this study, the MIROC5 model in the Coupled Model Intercomparison Project phase 5 (CMIP5) from IPCC AR5 (IPCC Fifth Assessment Report) was selected to obtain the future (2011-2100) three climatic variables, and the historical (1961-2010) data were from the local meteorological station. The monthly data over a total of 140 years in the two time periods from 1961-2010 (history) and 2011-2100 (future) were analyzed, including DBT, RH, and GSR. The WBT data was calculated from the DBT and corresponding RH. The principal component analysis (PCA) that can integrate the effects of DBT, WBT, and GSR was used to determine the relationships between the climatic variables and the energy consumption of buildings [25] , and then the regression models between PCA and corresponding monthly energy consumption can be obtained. Finally, the future energy consumption of buildings could be predicted by using the regression models.
Future Variation of Climatic Factors and PCA Table 2 shows the annual averages of the three climatic variables (DBT, WBT, and GSR) in different cities. DBT, WBT, and GSR data from 2011 to 2100 are in two emissions scenarios, i.e., the IPCC Representative Concentration Pathways 2.6 (RCP2.6, low forcing) and 6.0 (RCP6.0, medium forcing), namely the radiation forcing in 2100 is 2.6 W/m 2 and 6.0 W/m 2 , respectively. Signifi cant increasing trends are found for the future DBT and WBT in four cities, but the GSR does not exhibit a signifi cant change. Compared with 1961-2010, the annual mean DBT in Harbin increases by 1.5ºC and 1.8ºC, and the annual mean WBT increases by 1.4ºC and 1.8ºC for low and medium forcing during 2011-2100, respectively. The annual mean DBT in Shanghai increases by 1.7ºC and 1.8ºC, and the annual mean WBT increases by 1.5ºC and 1.6ºC for low and medium forcing during 2011-2100, respectively.
A dataset containing 50 years (1961-2010) of measured data from the meteorological stations and 90 years (2011-2100) of predicted data from the MIROC5 model for low and medium forcing was established, which contained 140 years of monthly DBT, WBT, and GSR. The dataset was used to conduct PCA (Table 3) . For low and medium forcing, the cumulative explained variance of the fi rst principal component in the four cities exceeded 80%, and the eigenvalues of both the second principal component and third principal component were less than 1. Therefore, the fi rst principal component was reserved, and derived a new variable Z that was constituted via the linear combination of three variables of climatic factors, namely Z=T d ×a+T w ×b+R S ×c. The new variable Z could be applied to estimate energy consumption in past and future years. evaluate the models. Table 5 shows a summary of the validation results. It can be seen that the regression models could well simulate the heating/cooling load of the four cities, the NMBE ranges from -0.58 to 2.47%, and the CVRMSE ranges from 4.39 to 11.62%. This indicates that the predicted energy consumption from the regression models could well refl ect the simulated consumption by TRNSYS, and the regression models can be used to estimate future energy consumption. For simulating the heating load, the best results are obtained for Harbin. For low and medium forcing, the NMBE is 0.87% and 0.86%, respectively, and the CVRMSE is 4.40% and 4.39%, respectively. For the simulation of the cooling load, the best simulation results are obtained for Shanghai. For low and medium forcing, the NMBE is -0.58% and -0.49%, respectively, and the CVRMSE is 5.62% and 5.53%, respectively.
Regression Analysis of Energy
Infl uence of Climate Change on the Energy Consumption of Offi ce Buildings
Figs 2-5 shows the variations of the annual average heating load, cooling load, and total energy consumption in the four cities during 1961-2100. There is a decreasing trend of heating load in Harbin, Tianjin, and Shanghai, indicating that the heating load gradually declines as the temperature increases in winter. Conversely, there is an increasing trend of cooling load in all four cities, indicating that the cooling load increases annually. Except for Harbin, an increasing trend is observed for total energy consumption in both Tianjin and Shanghai.
For the variation rates of the heating load and cooling load in the four cities during the future 90 years (2011-2100) (Figs 2-5 zone, 32.9 and 81.5 W/m 2 per 10 years for low and medium forcing, respectively, followed by Shanghai in the hot summer and cold winter zone, and Tianjin in the cold zone. For the variation of the cooling load, the fastest increasing rate is observed for Shanghai, at 76.3 and 124.0 W/m 2 per 10 years for low and medium forcing, respectively, followed by Guangzhou in the hot summer and warm winter zone. In Harbin, the decreasing rate of heating load is rather fast, which may indicate a relatively large potential for energy savings in the severe cold zone in Table 4 . Summary of regression analysis of building energy consumption. Fig. 2 . Long-term trends of annual heating load, cooling load, and total energy use in Harbin. the future. Conversely, the increasing rate of cooling load is relatively fast in Shanghai and Guangzhou, indicating a relatively large energy consumption requirement in the hot summer and cold winter and the hot summer and warm winter zones.
To quantify the infl uence of climate change on the energy consumption of buildings, the variations of heating load, cooling load, and total energy consumption during three time periods , and 2011-2100) were analyzed (Fig. 6) . Compared with 1961-2010, the average annual heating load in Shanghai in 2011-50 will decrease 9.66% and 6.65% for low and medium forcing, respectively. The average annual heating load in 2011-50 will decrease 6.53% and 4.83% in Tianjin and 3.96% and 2.97% in Harbin, respectively. The variation trend of the heating load in 2011-2100 is similar to that in 2011-50. Compared with 1961-2010, the average annual heating load in Shanghai in 2011-2100 will decrease 14.30% and 13.55% for low and medium forcing, respectively, 8.31% and 8.66% in Tianjin, respectively, and 5.18% and 6.12% in Harbin, respectively.
Compared with 1961-2010, the average annual cooling load in Tianjin in 2011-50 will increase 11.02% and 10.61% for low and medium forcing, respectively; 10.41% and 4.98% in Harbin, respectively; 9.71% and 6.18% in Shanghai, respectively; and 4.31% and 1.97% in Guangzhou, respectively. The average annual cooling load in Shanghai in 2011-2100 will increase 17.24% and 16.62% for low and medium forcing, respectively; 16.17% and 17.92% in Harbin, respectively; 16.49% and 16.43% in Tianjin, respectively; and 8.76% and 6.90% in Guangzhou, respectively. For total energy consumption, a decreasing trend is observed in Harbin. Compared with 1961-2010, the average annual total energy consumption in Harbin in 2011-50 will decrease 1.93% and 1.85% for low and medium forcing, and 2.16% and 2.72% in 2011-2100, respectively. In Tianjin and Shanghai, total energy consumption will increase in the next 90 years. Compared with 1961-2010, the average annual total energy consumption in Tianjin in 2011-2050 will increase 1.32% and 2.07% for low and medium forcing, respectively; and 2.78% and 2.56% in 2011-2100, respectively. In Shanghai, the average annual total energy consumption in 2011-2050 will increase 1.76% and 0.91%, respectively; and 4.30% and 4.24% in 2011-2100, respectively.
Conclusion and Discussions
In this study, the principal component analysis of three climatic variables (i.e., DBT, WBT, GSR) was carried out, and a new variable Z was obtained for low and medium forcing. Regression analysis was used to determine the relationships between simulated energy consumption from the TRNSYS model and the corresponding Z value. The regression models were used to predict the future energy consumption of cooling and heating in offi ce buildings of representative cities in different climatic zones. Regression analysis and error analysis indicate that the regression models could well refl ect simulated consumption by TRNSYS, and the regression models can effi ciently estimate future energy consumption. Due to the infl uence of future climate change, the heating load of representative cities in different climate zones shows a decreasing trend, whereas the cooling load shows an increasing trend. By analyzing the variations of the heating and cooling loads in the selected cities, the decreasing rate of heating load is relatively fast in the severe cold zone in the future, indicating a relatively large potential for energy savings. Conversely, the increasing rate of cooling load is relatively fast in the hot summer and cold winter and the hot summer and warm winter zones, which suggests a relatively large energy consumption requirement.
Compared with the past 50 years during 1961-2010, the heating load will decrease and cooling load will increase in all the climate zones in 2011-50 and 2011-2100. However, total energy consumption shows different changing patterns in the different climate zones. The average annual total energy consumption in the severe cold zone in 2011-50 and 2011-2100 shows a decreasing trend for low and medium forcing, whereas total energy consumption in other climate zones shows an increasing trend. This indicates that the reduction in energy consumption of heating would outweigh the increase in energy consumption of cooling in cities located in severe cold areas in future years, and vice versa in the cities located in other climate zones. This is consistent with previous studies [19, 26] .
Therefore, the future design of buildings should consider future climate conditions, and make a reasonable prospective layout or design so that the design of buildings adapts to future climate change. This study revealed that there are distinct differences in the future heating and cooling energy consumption variations for the offi ce buildings in different climate zones. In the design of air conditioning capacity, local climate conditions and changing characteristics should be considered to reduce energy consumption during the operation of air conditioners as well as to improve the environmental comfort inside buildings. It is necessary to point out that this study was based on the simulation of typical offi ce building energy consumption. In fact, there are some differences between the selected typical offi ce building and the actual building, such as the number of people or computers in the building and the running time of air conditioning. Therefore, the simulated energy consumption of a typical building does not entirely refl ect the real energy consumption of a building, which needs to be checked in practice. In addition, only offi ce buildings were selected to determine the effect of future climate change on energy consumption. Further studies should therefore concern other building types, such as commercial buildings that also have large energy consumption.
